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Chapter 1 
Introduction 
1.1 Patient monitoring system 
Recently, the declining birthrate and aging population have become serious 
problems in Japan, as in many developed countries around the world. As a result the 
workload of nurses and doctors has become heavier. In order to provide a comfortable 
healthcare environment for elderly patients and improve the quality of medical support, 
wireless monitoring systems of patients are attracted attentions. 
By wireless monitoring, the care personnel can know the patients’ biological 
information at anytime and anywhere. Therefore, the care personal can notice the 
accidents of the patients and give them medical attention soon, so that it could improve 
the quality of lives of patients. In addition, the patients are not limited their moving by 
cables or sensors. Moreover, the care personal can cut down the number of checking to 
patients so that it is possible to reduce the works of care personnel. 
Before now, many monitoring systems have been suggested and developed [1], [2]. 
They study to monitor the biological information of the patients by sensors and 
communication modules. They enable to monitor the biological information of patients 
and send the data to care personal. It is very useful but it is needed to change the battery 
of the sensor. Furthermore, the sensor and the communication module are big and hard, 
so that they give users stress. A radio frequency identification (RFID) technology is a 
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candidate to solve these problems. Thus, in this dissertation non stress patient monitoring 
systems are suggested and evaluated by use of RFID. The characteristics of the RFID is 
explained in the next section. 
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1.2 RFID system 
RFID technology is used in many fields, for instance, individual certifications or e-
cash (Fig 1.1) [3]. This technology is expected to be used in medical support due to their 
great potential in providing low-cost medical services with high patient safety.  
RFID systems can be divided into three types: active, passive and semi-passive. 
Active RFID tags have a transmitter and their own power source (typically a battery). On 
the other hand, passive tags have no battery. The integrated circuit (IC) chip of the passive 
RFID tag is activated by power from the reader, which sends out electromagnetic waves 
that induce a current in the tag antenna. IC chip of the semi-passive tags is activated by 
power of the reader. However, the battery is used for communication. Active and semi-
passive tags are useful for a long range communication, such as electronic toll collection 
(ETC) system, but they need high cost than passive tags, in other words, they cannot be 
used on low-cost items. 
In a simple term, active and semi-passive systems offer more stable 
communications but are large and costly. In contrast, passive RFID devices are small, 
lightweight, and cheap [4]. For these reasons, the passive RFID is a good candidate for 
medical applications. 
In the RFID system, electromagnetic interferences (EMI) by other communication 
devices and noises by surrounding environments are big problems. Therefore, the RFID 
system has some error control systems [5]. For instance, parity check and circuit cyclic 
redundancy check (CRC) are used in RFID system. 
 The RFID system is allowed to be used some frequencies. The difference by the 
frequencies is shown in Table 1.1 [6]. At 135 kHz and 13.56 MHz, the tag communicates 
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with the reader by electromagnetic induction. In this way the communication is not 
affected by surrounding objects, for instance, water, dust, metal, and so on. However, the 
communication range is short. On the other hand, ultra-high frequency (UHF) band [7] 
and 2.45 GHz are used electromagnetic wave in order to communicate. Therefore, the tag 
can communicate with the reader at long distances. In addition,              
the size of the RFID tag can be made compact easily [8]. Compered UHF band with 2.45 
GHz, UHF band has longer communication range and UHF band is not bigly insulated 
from the influence of surrounded objects. From these characteristics, UHF band is 
suitable to be used for wireless monitoring systems. 
Passive RFID tag is consisted of an RFID tag and a reader (Fig. 1.2). Each RFID 
tag consists of an antenna and an IC chip that transforms the received electromagnetic 
fields into electrical energy to excite the IC chip embedded into the antenna and thereby 
transmit unique digital information back to a reader. The communication distance 
depends on the characteristics of the antenna in this system. In addition, the configuration 
and the size of the RFID tag depend on the antenna. Hence, the antenna is very important 
in this system [9], [10]. However, the characteristics of the antenna are influenced by its 
environment [11]–[13]. If an antenna is used in new conditions, it needs to be redesigned 
in order to match the impedance of the IC chip and to achieve adequate gain. 
In Japan the RFID system has been used at 950 MHz as UHF band. However, it 
was decide that this frequency is used by mobile phones in March 2012 and the RFID 
system will not be used at this frequency since March 2018 [14]. In addition, from June 
2012 the RFID system is allowed to be used at 920 MHz. This frequency is used in RFID 
system in many other countries (Fig. 1.3) [15]. Therefore, now the UHF RFID system can 
be used abroad easily. 
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(a)  Mobile wallet. 
 
 
 
(b)  IC card train ticket system. 
Fig. 1.1 Example of how RFID system is used. 
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Table 1.1 Frequency characteristics in RFID system. 
 
 
 
 
 
 
- 7 - 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.2 RFID system. 
 
 
  
- 8 - 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.3 Frequency of the countries in UHF band of RFID system. 
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1.3 Purpose of this study 
 This dissertation presents wireless monitoring systems of care receivers using 
RFID technology. Before now, some monitoring systems are suggested. However, these 
monitoring systems give user stress because the sensor or the communication module are 
big or hard. In this dissertation, we suggest non sensor monitoring systems by use of the 
RFID technology. Our proposed system does not give user big stress because the user is 
not attached to any sensor, battery or big communication module. In our proposed system, 
we monitor the patients by whether the reader can read the RFID tag attached to the 
patients or not. Therefore, it is not possible to load the advanced biological information 
like an electrocardiogram or a blood level of oxygen. However, our proposed system is 
suitable to be used on the object which is near the body or disposable. 
From these reasons this dissertation presents monitoring systems for diaper and 
removing intravenous drip (IV) needles of the patients. These monitoring systems are 
based on the needs of users. In addition, these system can take advantage of the features 
of the RFID system. 
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1.4 Contents 
This dissertation presents wireless patient monitoring systems by RFID technology. 
Now, some monitoring systems are needed and required, but this dissertation deals with 
monitoring systems for diapers and removing IV needles of patients.  
In Chapter 2, a simple urination detection system is suggested. This system can 
detect whether the paper diaper of the patient is dry or wet by bringing a handy reader 
close to an RFID tag embedded into the each diaper. For this system, a tag antenna is 
designed and the characteristics of this antenna are analyzed. In addition, our presented 
system is evaluated by measurements. 
In Chapter 3, a real time urination detection system is explained. By setting the 
reader at the bottom of the mattress pad, this system can judge whether diapers should 
been changed or not. For this system, a tag antenna and a reader antenna are designed and 
the characteristics of these antennas are analyzed. In addition, the communication area 
between the proposed tag and the proposed reader is measured using an examinee. As the 
results, it is shown that our proposed system can judge whether diapers should been 
changed or not by whether the proposed tag can communicate with the proposed reader 
or not. 
In Chapter 4, a detection system of removing IV needles by RFID is suggested. 
Some patients remove their IV needles by themselves. The doctors and nurses can know 
the removing IV needles, stop the bleeding and restart the IV soon by this system. For 
this system, a tag antenna and a reader antenna are designed and the characteristics of 
these antennas are calculated. In particular, the transmission coefficients between the 
proposed tag and the proposed reader are discussed. Furthermore, the possibility of our 
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proposed system is shown by fundamental measurements. However, there are some 
limitations in this system. Therefore, the solution of this limitations is discussed in 
Chapter 5. 
In Chapter 5, a monitoring system for removing IV needles is evaluated. This is an 
advanced system of Chapter 4. For this system, antennas are improved from Chapter 4. 
In addition, the communication area between the tag and the reader is measured by use 
of an examinee. Then, the usefulness of our proposed system are shown. 
Finally, the conclusions of this dissertation are presented in Chapter 6. 
 
In this dissertation our proposed systems are discussed at 950 MHz in Chapter 2 or 
3 and discussed at 920 MHz in Chapter 4 or 5. However, the difference of these 
frequencies is small, so that the characteristics of antennas or electromagnetic propagation 
is not changed vanishingly.  
 
In addition, we evaluated our proposed systems by use of some examinees in this 
dissertation. These measurements are allowed by bioethics committee of Chiba 
University Graduate School of Engineering and complied with the rules of the bioethics 
committee and Radio Act. 
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Chapter 2  
Simple urination detection system 
2.1 Introduction 
In this chapter a urination detection system by RFID [1]–[3] is suggested in order 
to provide a comfortable healthcare environment for the patients and improve the quality 
of medical support. 
Some admitted patients wear diapers. Figure 2.1 shows the production volume of 
the paper diaper. From this figure, the production volume of the paper diaper for elderly 
people is increasing rapidly. However, changing diaper is one of a heavy work. In many 
hospitals across Japan, the diapers of care-receivers are changed several times a day. The 
care personnel can only know whether the care-receivers urinated or not by removing 
their clothes. However, removing the clothes of disable persons is a heavy work for the 
care personnel and the care-receivers.  
At present, some urination detection systems by using active devices have been 
reported [4]–[6]. Some ideas use extra functionality in a diaper. [7] can be used 
automatically, but it is complex. In addition, [8] has presented a system that indicates 
abnormality in the urine using the reagent paper. However, these ideas has not been put 
to practical use. Some reasons are the cost and the size of sensor. 
In addition, in the same period of our study, some urination detection systems were 
studied. [9] is urination monitoring system by RFID. In [9], the principle of urinary 
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detection is simple, but this study does not use a human model or a real human, only RFID 
system and a diaper. Therefore, the effect by a human is not studied. Moreover, the 
installation position of the reader is barrier for care personnel. 
[10] detects urination and vacuums it. However, users have to equip tubes so that 
they are limited their movement. In addition, the users are given stress by the tubes and 
censors. Therefore, the users are not so comfortable. 
As seen from the above, a method which does not user stress and can detect 
absorption limit for a diaper. Thus, in this chapter, a simple urination detection system 
using RFID is presented. In addition, an advanced monitoring system which can judge 
whether diapers should been changed or not is shown in Chapter 3. Figure 2.2 shows our 
proposed simple urination detection system. In our proposed urination detection system, 
a tag is embedded into the each diaper worn by a care-receiver and the care-personnel 
brings a reader close to the tag. If the paper diaper is dry, the RFID tag embedded into it 
can communicate with the reader. On the contrary, if it is wet, the urination prevents 
communication from the tag. Therefore, urination is detected by whether the tag can 
communicate with the reader or not. 
This system allows the care personnel to know whether or not a patients have 
urinated because the urination changes the characteristics of antenna and makes it unable 
to transmit to the reader. As a result, the care receivers are not removed their clothes 
needlessly. In addition, the care receivers are not wrenched from sleep by checked the 
urination. On the other hand, the care personal can check the urination easily and quickly. 
Thus, the physical and mental strain of both patients and their care personnel can be 
reduced.  
In this chapter, an antenna which can match the impedance of the IC chip for RFID 
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is designed and analyzed by the finite-difference time-domain (FDTD) method [11]. In 
this dissertation all numerical calculations are done by the FDTD method. This 
calculation program was written in our laboratory. In addition, this program is compared 
with commercial software and the validity of the program is confirmed. In addition, the 
reflection coefficients of the proposed antenna are measured with a phantom for 
comparison with the calculated results. Moreover, the usefulness of the presented system 
is studied in measurements. The operating frequency of the antenna is 950 MHz. Use of 
this frequency for RFID systems is permitted in Japan.  
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Fig. 2.1 Production volume of paper diaper. 
 
 
 
Fig. 2.2 Suggested simple urination detection system. 
- 18 - 
 
2.2 Calculation 
2.2.1 Calculated model 
The structure of the proposed RFID antenna is shown in Fig. 2.3. The operating 
frequency of this antenna is 950 MHz. The requirements for the RFID antenna in each 
paper diaper are that it must be compact and flat. Due to the size limitation for RFID tags, 
the proposed antenna has a meandering structure. The lengths and widths of the 
meandering trace can be varied to obtain the desired resistance and reactance values. For 
impedance matching, a loop structure is used in our antenna design [12]. Moreover, in 
our study, the capacitance of the antenna can be adjusted by the parallel structure near the 
IC chip. 
The impedance of the antenna does not match the IC chip in free space or the each 
dry diaper. However, the impedance of the antenna matches that of the IC chip in each 
dry paper diaper worn on a human body.  
Some patients change their position during sleep. Hence, this paper also studied the 
characteristics of the antenna in 3 human poses. Figure 2.4 presents typical human models 
while sleeping. These models are made by the three-dimensional computer graphics 
(3DCG) software “Poser®”. The model of the height is 172 cm and the human models 
wear the paper diaper with the proposed antenna. Human model 1 is in dorsal position, 
Human model 2 is in the dorsal position with its hand near the RFID tag, and Human 
model 3 is decubitus position. The Human model 3 is not a real situation, because many 
patients who wear diapers cannot move their hips by themselves. However, the Human 
model 3 is studied as an extreme example. 
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In the calculation, the wet diaper is defined by changing the electrical properties of 
the diapers. The electrical properties of these models are shown in Table 2.1. In our 
research, a 2/3 muscle-equivalent phantom was used for the human model. The electrical 
properties of the proposed phantom at 950 MHz were found to be r = 36.6 and  
S/m [13]. These are common values for the average electrical constants of the human 
body [14], [15]. 
Figure 2.5 shows the positon of the proposed antenna. The proposed antenna is 
embedded into the paper diaper. The thickness of the paper diaper is 6 mm and the depth 
of the antenna in the diaper is 3 mm. The position of the antenna is in the wet area. In 
addition, the position of the antenna makes it easy to communicate with the reader.  
Table 2.2 shows the parameters for this calculation. By use of these calculation 
models and conditions, the reflection coefficients and electrical sensitivities of the 
antenna in the dry and wet diapers are analyzed.  
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Fig. 2.3 Antenna structure. 
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（a）Human model 1. 
 
 
 
 
 
 
 
（b）Human model 2. 
 
 
 
 
 
 
 
（c）Human model 3. 
Fig. 2.4 Calculation human model. 
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Table 2.1 Electric constants of calculation model. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.5 Position of the antenna. This tag antenna is embedded into the diaper. 
 
 
 
 Relative permittivity Conductivity [S/m] 
Numerical human body 
(2/3 muscle) 36.6 0.64 
Paper diaper (dry) 1.3 0.01 
Paper diaper (wet) 61.4 1.54 
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Table 2.2 Parameters for calculations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Analytical method FDTD 
Size of calculation space Model 1,  : 700 × 1770 × 1580 mm
3 
Model 2, 3 : 700 × 1700 × 1780 mm3 
Minimum cell size 0.25 × 0.25 × 0.25 mm3 
Time step 4.8 × 10-13 s 
Absorbing boundary condition PML 8 layer 
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2.2.2 Calculated result 
Figure 2.6 shows the current distribution of the proposed tag antenna embedded 
into the dry diaper. The current in x direction is same direction so that this antenna radiates 
electromagnetic waves efficiently.  
Figure 2.7 shows the reflection coefficients of the proposed antenna embedded into 
the paper diaper model. From these results, the proposed antenna has a good impedance 
matching with IC chip at 950 MHz when the diaper is dry. On the contrary, when the 
paper diaper is wet, the proposed antenna has a poor impedance matching at 950 MHz. 
In addition, the reflection coefficients are good contact regardless of position.  
Figures 2.8 shows the electrical sensitivity distributions with different poses in the 
dry and wet diapers. The view plane in Fig. 2.8 (a) - (f) is sagittal plane. It is included 
feeding point and IC chip. The view plane in Fig. 2.8 (g) - (h) is transverse plane. They 
were calculated electrical distributions of the tag antenna. However, these distributions 
can be viewed as receiving sensitivity by reversibility of the antenna. From the results, 
the proposed antenna has stronger distributions in the each dry diaper. In addition, the 
poses of the human body also affect the shape of the distributions. However, the effect of 
the changing human position is smaller than the effect of the wetting diaper. Therefore, 
this system may detect urination regardless of human positions. 
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Fig. 2.6 Current distribution of proposed tag antenna. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.7 Reflection coefficient of the proposed antenna. 
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(a) Human model 1 (Dry diaper).  (b) Human model 1 (Wet diaper). 
 
 
. 
 
 
 
 
 
 
(c) Human model 2 (Dry diaper).  (d) Human model 2 (Wet diaper). 
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(e) Human model 3 (Dry diaper).   (f) Human model 3 (Wet diaper). 
 
 
   
 
 
 
 
 
 
(g) Human model 3 in frontal plane  (h) Human model 3 in frontal plane 
         (Dry diaper).           (Wet diaper). 
Fig. 2.8 Calculated result of receiving sensitivity distribution. 
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2.3 Measurement 
2.3.1 Measured reflection coefficient 
Figure 2.9 illustrates a fabricated phantom. This phantom is the area between the 
abdomen and the femoral of the human body. The recipe of the phantom is shown in Table 
2.3. Details of how the phantom is made are given in [16]. The electrical properties of the 
phantom is listed in Table 2.4. In addition, the relative permittivity and conductivity of 
the phantom and the diaper were measured by an HP-85070B dielectric-probe 
measurement system (Agilent Technology Company, Palo Alto, CA). In our 
measurements, the open-ended coaxial probe was pressed fitly against the measured 
object and the reflection coefficients were measured [17]. From the results, the difference 
in the electrical constants between the numerical human body and the phantom is less 
than 5%.  
In order to measure the antenna characteristics using the network analyzer, the IC 
chip was removed from the RFID tag. In order to feed the antenna, a coaxial cable with a 
λ/4 balun, which is embedded to change the unbalanced line into a balanced line, was 
connected to the feeding point. The feeding point is at the position of the IC chip. Figure 
2.10 shows the embedded position of the proposed antenna. The antenna characteristics 
were measured in the diaper. In the measurement, the urination is defined as an aqueous 
solution. The aqueous solution has the same electrical properties as urine. The electric 
properties of urination is derived from [18]. The aqueous solution was made from water, 
glycerin, and sodium chloride. The reflection coefficients was measured with the phantom. 
Experimental environment of the measurement is shown in Fig. 2.11. 
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The calculated and measured reflection coefficients of the proposed antenna are 
shown in Fig. 2.12. The results are the characteristics of the antenna embedded into a 
paper diaper on the phantom. The reflection coefficients are calculated following formula 
[19]. 
ICant
ICant
ZZ
ZZ


*
10log20          (2.1) 
where Γ is the reflection coefficient, Zant is the impedance of the antenna and ZIC is the 
impedance of the IC chip. From the results, this antenna has a good impedance matching 
at 950 MHz when the paper diaper is dry. On the other hand, this antenna does not 
resonate at 950 MHz when the paper diaper is wet. Both the calculated and measured 
results are in good agreement. As those results, in the wet diaper, it is not possible to 
match the impedance between the antenna and the IC chip, so that the power is not 
supplied to the IC chip from the antenna. 
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Fig. 2.9 Phantom between abdomen and femoral without diaper. 
 
 
Table 2.3 Recipe of the Phantom. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2.4 Electric constant of phantom (@950 MHz). 
 
 
 
Material Amount [%] 
Glycerin 53 
Deionized water 37 
Sodium chloride 5 
Agar 5 
 Target Measured value 
Relative permittivity 36.6 34.9 
Conductivity [S/m] 0.64 0.67 
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(a) Manufactured antenna. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) Manufactured antenna on a paper diaper. The antenna  
characteristics are measured in the diaper.  
Fig. 2.10 Embedding position of the antenna. 
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Fig. 2.11 Experimental environment of measurement. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.12 Reflection coefficient of proposed tag antenna. 
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2.3.2 Communication Experiment 
This chapter introduces measurement setup and measured results. This system is 
consisted by the fabricated tag and a handy reader (DOTR-920J) (Fig. 2.13). The output 
power of the handy reader is 250 mW. The tag position in the diaper was shown in Fig 
2.10. Five persons wore each diaper and lay down on a bed. Then we held a reader close 
to the tag and checked whether the tag can communicate with the reader or not. The 
experimental environment is shown in Fig. 2.14. Their positions are the same as 
calculated models. In addition, for the study of the wet diaper, the diaper is moistened by 
120 milliliters of water solution. 
From the experimental verification, urination could be detected by the proposed 
system. In the dry diaper, the proposed tag could communicate with the reader. The 
communication distance was affected by the individual difference or positions of 
examinees. However, the minimum communication distance was approximately 100 mm 
in the dry diaper. This distance was enough to detect urination. In addition, the effect of 
comforter was very little. On the other hand, in the wet diaper, even though the reader 
was held close to the tag, the signal cannot be detected. 
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Fig. 2.13 Handy reader (DOTR-920J). 
 
 
 
 
 
 
 
 
 
(a) Bed.                (b) Pose 1. 
 
 
 
 
 
 
 
 
(c) Pose 2.                    (d)  Pose 3. 
 Fig. 2.14 Experimental environment. The examinee wears the diaper, cotton underwear, 
and pants. The diaper is held on by the underwear. 
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2.4 Conclusion 
This chapter presented a simple urination detection system by the RFID system. 
This system is very simple and low cost so that it is easy to be innovated. In addition, this 
chapter studied the usefulness of the presented system in both numerical calculations and 
measurements.  
At first, a tag antenna was designed for this system in numerical calculation. This 
antenna is compact and flat so that it dese not give user stress. In addition, the 
characteristics of this antenna were measured by use of a phantom. In addition, the 
communication experiment between the proposed tag and a reader was done by some 
examinees.  
As the results, the presented tag could communicate with the reader in the dry 
diaper and cannot communicate in the wet diaper. In other words, whether they 
communicate or not depends on the conditions of each diaper. The presented system can 
therefore detect urination. 
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Chapter 3 
Real time urination detection system 
3.1 Introduction 
In Chapter 2, a simple urination detection system is suggested and evaluated. As 
the result, it was shown that our proposed system can detect urination. However, this 
system cannot detect a real time and absorption limit for a diaper in this chapter. Therefore, 
a new urination detection system using RFID [1] is suggested. This system is an advanced 
system of the simple urination detection system. 
This urination detection system detects urination on the same principle as the 
simple urination detection system in Chapter 2. In the dry diaper, the tag can communicate 
with the reader. On the other hand, in the wet diaper, the tag cannot communicate because 
the characteristics of the tag antenna are changed by urination and urination absorbs 
electromagnetic wave. Thus, urination can be detected by whether the tag communicates 
with the reader or not. 
In this system, a tag embedded into the back of each diaper worn by a care receiver 
and some reader antennas are set at the bottom of a mattress pad (Fig 3.1). By leaving the 
reader antennas this system can detect urination in a real time. In addition, the each diaper 
is wet gradually from the front to the back by urination. Therefore, our proposed urination 
detection system can also judge whether diapers should been changed or not by detecting 
whether the back of each diaper is dry or wet. In other words, by changing the embedded 
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position of the RFID tag, this system can be used either a real time urination detection 
system or a monitoring system of absorption limit for a diaper. 
In order to realize this system, antennas play important roles. Therefore, the tag 
antenna and the reader antenna are designed by numerical calculations. Moreover, the 
communication area between the RFID tag and the reader was measured in a real situation. 
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Fig3.1 Real time urination detection system using RFID. 
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3.2 Calculation 
3.2.1 Tag antenna 
Characteristics of antennas are changed by surrounding environments. In this 
system the position of the tag antenna is different from the simple urination detection 
system in Chapter 2, so that the tag antenna was redesigned. The proposed tag antenna is 
shown in Fig 3.2. This antenna is longer than antenna shown in Fig. 2.3 so that the 
electrical sensitivity of the antenna is stronger. The operating frequency of this antenna 
is 950 MHz.  
The position of the tag antenna is shown in Fig. 3.3. The tag antenna is embedded 
into the back of the each diaper in this system. This position is easy to communicate with 
the reader which is set at the bottom of the mattress pad. In addition, the each diaper is 
wet gradually from the front to the back by urination. Therefore, our proposed urination 
detection system can judge whether diapers should been changed or not by detecting 
whether the back of each diaper is dry or wet. The electrical constants of this calculation 
model are shown in Table 3.1. Moreover, the parameters for this calculation is shown in 
Table 3.2. 
Figure 3.4 shows the reflection coefficients of the proposed tag antenna embedded 
into the back of the paper diaper model. From these results, the proposed antenna has a 
good impedance matching with IC chip at 950 MHz when the diaper is dry. On the 
contrary, when the paper diaper is wet, the proposed antenna has a poor impedance 
matching at 950 MHz. Figures 3.5 shows the receiving sensitivity distributions of the 
proposed tag antenna in the dry and the wet diapers. These distributions are in the sagittal 
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plane. The view plane is included a feeding point and a proposed tag antenna. From the 
results, the proposed antenna has stronger distribution in the dry diaper. On the other hand, 
in wet diaper the proposed tag has poor distribution. Hence, the proposed tag may 
communicate with the reader in the each dry diaper and may not communicate with in the 
each wet diaper. Thus, this system can detect urination by whether the proposed tag can 
communicate with the proposed reader or not.  
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Fig. 3.2 Structure of tag antenna. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.3 Position of tag antenna. 
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Table 3.1 Electric constant of calculation model. 
 
 
 
 
 
Table 3.2 Parameters for calculations. 
 
 
 
  
 Relative permittivity Conductivity [S/m] 
Human body 
(2/3 muscle) 36.6 0.64 
Paper diaper (dry) 1.3 0.01 
Paper diaper (wet) 61.4 1.54 
Mattress pad 1.5 0 
Analytical method FDTD 
Size of calculation space 800 × 1940 × 1560 mm3 
Minimum cell size 0.25 × 0.25 × 0.25 mm3 
Time step 4.8 × 10-13 s 
Absorbing boundary condition PML 8 layer 
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Fig. 3.4 Calculated reflection coefficient of proposed tag antenna. 
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(a) Dry diaper. 
 
 
 
 
 
 
 
(b) Wet diaper. 
Fig. 3.5 Receiving sensitivity distributions of proposed tag antenna. 
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3.2.2 Reader antenna 
The reader antennas are set at the bottom of the mattress pad in our proposed system 
so that it is hoped to be made by soft materials. A conductive sheet is one of a candidate 
(Fig. 3.6). The conductive sheet is made by a thread which is consisted of polyester, 
cupper and soft magnetic metal (Fig. 3.7). The conductive sheet has a flexible structure 
so that it can be curved like cloths. It has been generically used as an electromagnetic 
protection sheet. Recently, the conductive sheet is also used in antenna field [2]–[4].  
The proposed reader antenna is shown in Fig 3.8. The reader antenna is used a patch 
antenna [5].  This antenna is made of the conductive sheets and felts. By use of soft 
materials our proposed system can be used on a recliner bed. The conductivity of the 
conductive sheet is 1.45 × 106 S/m. The operating frequency of this antenna is 950 MHz. 
In addition, the reader antenna is a circular polarized antenna by cutting the two 
corners of the radiating element. The rate of the cutting area is 0.66 % of the radiation 
element.  
Figure 3.9 shows the analytical model of the reader antenna. The reader antenna 
model is under a mattress pad model. The electrical properties of the mattress pad model 
is εr = 1.5, σ = 0. Table 3.3 shows the parameters for this calculation. 
Figure 3.10 shows the reflection coefficient of the reader antenna. The reader 
antenna is fed by micro-strip line so that the target impedance of the reader antenna is  
50 Ω. From the Fig 3.10 the proposed reader antenna has a good impedance matching at 
950 MHz. 
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Fig 3.6 Conductive sheet. 
 
 
 
 
Fig 3.7 Thread structure of conductive sheet. 
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Fig. 3.8 Reader antenna model. 
 
 
 
 
 
 
 
 
 
 
Fig. 3.9 Analytical model of reader antenna. 
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Table 3.3 Parameters for calculations. 
 
 
 
 
 
 
 
 
 
 
Fig. 3.10 Calculated reflection coefficients of reader antenna. 
 
 
Analytical method FDTD 
Size of calculation space 600 × 600 × 270 mm3 
Minimum cell size 0.5 × 0.5 × 0.5 mm3 
Time step 4.8 × 10-13 s 
Absorbing boundary condition PML 8 layer 
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3.2.3 Safety assessment 
In our proposed system, low power electromagnetic wave is used, so that the system 
may be used safety. However, the safety assessment of human body is a very serious 
problem in medical field. Therefore, in this chapter, in order to evidence the safety of our 
proposed system in a quantitative way, the specific absorption rate (SAR) is discussed. 
The absorbed radiation frequency electromagnetic energy mainly contributes to a tissue 
heating. Thus, the SAR is commonly used as the estimative index of human body for 
radiation frequency electromagnetic energy wave exposure [6]. The SAR is calculated 
following formula. 
 
 kgWSAR 2E
           (3.1) 
 
where  is the conductivity of the tissue (S/m),  is the density of the tissue (kg/m3) , and 
E is the internal electric-field strength (V/m).  
The calculated model was shown in Fig. 3.3. The SAR of the human body by the 
reader was calculated. In this calculation, the electrical property of human model is used 
2/3 muscle. The density  is 1040 kg/m3. The output power of the reader antenna at the 
bottom of the mattress pad is 250 mW. The calculated SAR distribution is shown in Fig. 
3.11. The view plane is same plane as Fig.3.5. From this result, the value of the SAR is 
very low. In addition, the peak value of the SAR is 0.30 W/kg. The 10g-averaged SAR is 
lower than this peak SAR (0.30 W/kg). Therefore, the 10g-averaged SAR is lower than 
the guideline value for general public exposure (2 W/kg). As the result, it is said that our 
proposed system can be used safety. 
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Fig. 3.11 SAR distribution (sagittal plane). 
 
 
  
- 54 - 
 
3.3 Measurement 
This system was also evaluated by experiments. Figure 3.12 shows a fabricated 
RFID tag. The embedded depth of the antenna is 3 mm and the IC chip is bounded to the 
tag antenna by tapes of electrical insulation properties. This IC chip is same to the IC chip 
which is used in Chapter 2. 
Figure 3.13 shows the embedded position of the proposed tag antenna. This tag 
antenna is embedded into the back of the each diaper. Then, an examinee with this diaper 
lies down of the mattress pad. 
A fabricated reader antenna is shown in Fig. 3.14 and the structure of this antenna 
is shown in Fig.3.15. The operation frequency of this antenna is 950 MHz. This antenna 
was made of conductive sheets, felts and a cupper. By use of the soft materials, this system 
can be used under a recliner bed.  
The experimental environment of communication area is shown in Fig. 3.16. An 
examinee with a diaper embedded into the proposed RFID tag lay down on the mattress 
pad. In addition, one proposed reader antenna was set at the bottom of the mattress pad. 
Then, the examinee translates from right to left or up and down at 50 mm interval and we 
measured whether the tag can communicate with the reader or not in the each position. In 
the measurement, the urination was defined as an aqueous solution. The aqueous solution 
has the same electrical constants as urine.  
Figure 3.17 shows the measured communication area. The blue point shows the 
position that the tag can communicate with the reader. From Fig. 3.17 (a), the fabricated 
tag could communicate with the fabricated reader within the range of 300 × 250 mm2. It 
is the enough area because some reader antennas are set in our proposed system. 
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From Fig. 3.17 (b), in the wet diaper the proposed tag never communicated with 
the reader. As the results, if some reader antennas are set at the bottom of the mattress 
pad, the presented system can detect urination regardless of his or her position. 
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Fig. 3.12 Fabricated tag antenna. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.13 Embedded position of tag antenna. 
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Fig. 3.14 Fabricated reader antenna. 
 
 
Fig. 3.15 Structure of reader antenna. 
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Fig. 3.16 Experimental environment of communication area. 
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(a) Dry diaper. 
 
 
 
 
 
 
 
 
 
 
 
(b) Wet diaper. 
Fig. 3.17 Measured communication area. 
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3.4 Conclusion 
This chapter presented a real time urination detection system by RFID. In our 
proposed system an RFID tag is embedded into the back of each diaper. The reader 
antennas are set at the bottom of the mattress pad. In addition, each diaper is wet gradually 
from the front to the back by urination. Therefore, this system can judged whether diapers 
should been changed or not by detecting whether the back of each diaper is dry or wet. 
The operating frequency of this system is 950 MHz which is allowed to be used in RFID 
system in Japan. The output power of the reader antenna is 250 mW. It is equal to the 
maximum power of the third-generation mobile phone so that this system can be used 
safety. 
For our proposed system, a tag antenna and a reader antenna were designed in 
numerical calculations. The reflection coefficients of the antennas and electrical 
distributions were calculated. Moreover, this system was evaluated by experiments using 
fabricated antennas and an examinee. As the results, in the dry diaper the proposed tag 
could communicate with the proposed reader. On the other hand, the proposed tag never 
communicated with the proposed reader in wet diaper. Therefore, our proposed system 
can judge whether diapers should been changed or not by the proposed tag can 
communicate with the proposed reader or not. 
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Chapter 4  
Fundamental study of monitoring for removing 
IV needle 
4.1 Introduction 
In this chapter, we suggest a new patient monitoring by RFID.  
Now, the various medical accidents are happened in the hospital. Figure 4.1 shows 
the kinds of medical accidents in 2013 in Japan [1]. The third-ranked medical accident is 
removing intravenous drip (IV) needles by patients. Some patients remove their IV 
needles because of dementia, deliria, and so on. If this accident is happened, the bleeding 
has to be stopped and the IV has to be started again as soon as possible. However, nurses 
check each patient about every 2 hours. These patients may not be healed for a long time. 
In the past, some nursing manuals to prevent or to know removing IV needles have been 
made [2]. However in these manuals the patients are finally restrain their movements. 
Thus, it is important to detect removing IV needle without giving patients stress. Then, 
this chapter studies the possibility of a monitoring system for removing IV needles by 
RFID [3], [4]. 
The diagrammatic illustration of our proposed system for fundamental study is 
shown in Fig. 4.2. In general, each IV needle is secured by tapes on the arm of the patients. 
The patients cannot remove their IV needles without removing the tapes from their arms. 
Thus, the RFID tag is attached to the tape in our proposed system. In addition, a reader 
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antenna is located on a tube for the IV drip. In this situation, the each tag can communicate 
with the reader. However, if the patients remove their IV needles, the communications 
between the RFID tag and the reader are stopped because the IC chip is come off the 
RFID tag. Therefore, removing IV needles are detected by whether the RFID tag can 
communicate with the reader or not. Furthermore, it is possible to care the patients soon 
by telling the accident to nurses. 
Here, the required communication distance between the tag and the reader is 
discussed (Fig. 4.3). Figure 4.3 assumes a patients lying down on the center of a bed. The 
width of the single bed is 970 mm. The average width of the human’s shoulder is 380 mm. 
In addition, the length of the IV stand’s arm is 150 mm. Therefore, the required 
communication distance d is 145 mm in this ideal situation. Moreover, in general, the 
patients spread their arm not to touch their IV needles so that the required communication 
distance is shorter than 145 mm. 
Our proposed system detects removing IV needle. However, the reason of stopping 
the communication between the tag and the reader is not only by removing the IV needle. 
For instance, the communication is stopped by wetting of the RFID tag, falling of the 
patient from the bed and so on. However, this system it a top priority to keep the safe of 
the patients. 
In the proposed system, antennas are very important so that the tag antenna and the 
reader antenna are designed [5], [6]. In addition, the transmission coefficients and 
communication distances between the IC chip and the reader are calculated and measured.  
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Fig. 4.1 Kinds of medical accidents in 2013 in Japan. 
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Fig. 4.2. Proposed monitoring system for removing IV needle. 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
Fig. 4.3 Required communication distance. 
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4.2 Calculation 
4.2.1 Design of tag antenna 
Figure 4.4 shows the structure of the proposed RFID tag. Our proposed RFID tag 
is consisted of an IC chip, a tag antenna and tapes. By use of the meander structure, the 
length of the tag antenna is adjusted 150 mm. This length can be covered round the arm. 
In addition, for impedance matching this antenna has a loop structure [7], [8]. Then, when 
the patients remove their IV needles, the IC chip is separated from the tag antenna and 
the communication between the tag and the reader is stopped. The operating frequency 
of this antenna is 920 MHz. This frequency is allowed to be used in Japan from July 2012.  
The characteristics of the antennas are changed by surrounding objects. Therefore, 
our proposed antennas are analyzed in real situations. The analytical model of the tag 
antenna is shown in Fig. 4.5. Our proposed RFID tag is worn on the arm model. The 
radius of the arm model is 25 mm and the length of it is 300 mm. The electrical constants 
of this model are shown in Table 4.1. The parameters for this calculation is shown in 
Table 4.2. 
Figure 4.6 shows the reflection coefficient of the proposed tag antenna. The 
reflection coefficient is calculated from formula (2.1). From the result, the impedance of 
the tag antenna matches that of the IC chip at 920 MHz. Therefore, our proposed tag 
antenna may be used in our proposed system.  
Figure 4.7 shows the receiving sensitivity distribution of the tag antenna. The x 
component has a strong distribution in the direction of the reader (+y direction). The view 
plane is included a feeding point and a tag antenna. 
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Fig. 4.4 Structure of tag model. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.5 Analytical model of tag antenna. 
 
- 68 - 
 
 
 
 
 
 
Table 4.1 Electrical constant for tag antenna model (@920 MHz). 
 Relative permittivity Conductivity [S/m] 
Arm (2/3 muscle) 37.3 0.65 
Tape 1.50 0 
Felt 1.36 0 
 
 
 
 
 
Table 4.2 Parameters for calculations. 
 
 
 
 
 
 
 
 
 
Analytical method FDTD 
Size of calculation space 250 × 250 × 700 mm3 
Minimum cell size 0.25 × 0.25 × 0.25 mm3 
Time step 4.8 × 10-13 s 
Absorbing boundary condition PML 8 layer 
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Fig. 4.6 Calculated reflection coefficient. 
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(a) x component.    (b) y component. 
 
 
 
 
 
 
 
 
 
(c) z component. 
Fig. 4.7 Receiving sensitivity distribution. 
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4.2.2 Design of reader antenna 
In our proposed system, the reader antenna is set at the each IV tube. Therefore, the 
small antenna is better. In addition, the reader antenna has to communicate with the RFID 
tag regardless of the direction of the arm.  
Figure 4.8 shows the reader antenna model. Our proposed reader antenna has a 
spiral structure so that it can be mounted on the each tube for the IV drip. The feeding 
point is between the spiral element and ground plane. In our proposed system, the reader 
antenna will be fed by a feeder line mounted on the tube for the IV drip. The operating 
frequency of this antenna is 920 MHz.  
Figure 4.9 shows the analytical model of the proposed reader antenna. The reader 
antenna is set to the tube for the IV needle. In addition, the tube for IV drip and the spiral 
element are covered by the heat shrinkable tube. Moreover, the tube is filled with normal 
saline. The electrical constants of these models are shown in Table 4.3. Table 4.4 shows 
the parameters for this calculation. 
Figure 4.10 shows the reflection coefficient of the reader antenna. The reader 
antenna is fed by micro-strip line so that the target impedance of the reader antenna is 50 
Ω. From the Fig 4.10 the proposed reader antenna has a good impedance matching at 920 
MHz.  
Figure 4.11 shows the electrical field distribution of the reader antenna. This 
distribution is the center of the tube and included the feeding point. The x component has 
a strong distribution in the direction of the tag (-y direction). This distribution is in the 
center of the tube. From Fig. 4.7 the x component of the tag antenna has stronger 
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distribution (+y direction). Therefore, the proposed reader may communicate with the 
proposed tag. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.8 Reader antenna model. 
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(a) Overall view. 
 
 
 
 
 
 
 
 
 
(b) Cross-section view in radial direction． 
Fig. 4.9 Analytical model of reader antenna. 
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Table 4.3 Electrical constant for reader antenna (@920 MHz). 
 Relative permittivity Conductivity[S/m] 
Tube for 
intravenous drip 
2.50 0 
Normal saline 76.0 2.00 
Heat shrinkable tube 2.10 0 
 
 
 
 
Table 4.4 Parameters for calculations. 
 
 
 
 
 
 
 
 
 
 
  
Analytical method FDTD 
Size of calculation space 145 × 145 × 200 mm3 
Minimum cell size 0.1× 0.1 × 0.1 mm3 
Time step 1.9 × 10-13 s 
Absorbing boundary condition PML 8 layer 
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Fig. 4.10 Reflection coefficient of reader antenna. 
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(a) x component.       (b) y component. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(c) z component. 
Fig. 4.11 Electric field distribution.  
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4.2.3 Calculated transmission coefficient 
In our proposed system whether tag can communicate with the reader or not is very 
important. Therefore the transmission coefficients between the RFID tag and the reader 
antenna is calculated and measured in this chapter. The models are shown in Fig. 4.12. 
Figure 4.12 (a) shows the arm phantom with the proposed RFID tag and the tube for the 
IV drip with the reader. This model shows the arm of the patient who lies down on the 
bed and the IV tube hanging from the IV stand. 
The distances between the reader antenna and the tag antenna are changed 50, 100, 
150 and 200 mm. Figure 4.12 (b) shows the case that the IC chip is separated from the 
RFID tag because patients remove their IV needles. The transmission coefficients were 
also calculated in this situation. 
Table 4.5 shows the calculated transmission coefficients between the proposed tag 
and the proposed reader. The case of Fig.4.12 (a) is defined “With arm” and Fig.4.12 (b) 
is defined “Only IC chip” in Table 4.5. From Table 4.5 the transmission coefficients 
decrease with increasing the distance between the tag and the reader. Even if the tag is 
amounted to the arm, the value of the transmission coefficient is small. The reason is that 
the arm absorbs the electromagnetic wave from the tag or the reader. The radiation 
efficiency of the tag antenna is 0.91 % in the case of “With arm”. Therefore, if the tag has 
a reflector, the transmission coefficients may increase. 
On the other hand, the transmission coefficients are decreased about 20 dB by that 
IC chip comes off the tag antenna. The reason is that the antenna is very small and there 
is the impedance mismatch about 20 dB between the IC chip and the antenna. In addition, 
if there is the patient’s body near the separated IC chip, the transmission coefficients are 
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reduced further. As these results, by use of this difference, this system may detect 
removing IV needles. 
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(a)  RFID tag with arm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b)  IC chip which was separated from tag antenna. 
Fig. 4.12 Calculation model for transmission coefficient. 
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Table 4.5 Transmission coefficient due to distance  
       between RFID tag and reader antenna. 
d [mm] With arm [dB] Only IC chip [dB] 
50 -28.6 -51.5 
100 -35.0 -56.3 
150 -38.3 -59.2 
200 -40.7 -61.4 
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4.3 Measurement 
4.3.1 Fabricated antennas 
Our proposed system was also evaluated by measurements. In this measurement 
the operation frequency of the proposed system is 920 MHz. 
Figure 4.13 shows a fabricated RFID tag. The RFID tag has a structure which is 
separated from the tag antenna by removing the tape. 
Figure 4.14 shows a fabricated arm phantom. The shape of the phantom is cylinder 
and the radius of the phantom is 25 mm on an equality with calculation arm model. The 
recipe of the phantom is shown in Table 4.6. The electrical constants of this phantom is 
shown in Table 4.7. The relative permittivity and conductivity of the phantom were 
measured by an HP-85070B dielectric-probe measurement system (Agilent Technology 
Company, Palo Alto, CA). From the results, the difference in the electrical constants 
between the numerical human body and the phantom is less than 10 %. 
Figure 4.15 shows a fabricated reader antenna. The structure of the fabricated 
reader antenna is shown in Fig 4.8. In our proposed system, the reader antenna will be fed 
by feeder line mounted on the tube for the IV drip. However, in this study the reader was 
fed by a coaxial cable to be simplified. 
Figure 4.16 and 4.17 show the measured reflection coefficients of the proposed tag 
antenna and the proposed reader antenna, responsibility. The reflection coefficients of the 
tag antenna were calculated from formula (2.1). From the results, the impedance of the 
tag antenna matches that of the IC chip at 920 MHz. In addition, the impedance of the 
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reader antenna matches 50 Ω at 920 MHz. Moreover, the measured results are good 
agreement with the calculated results. 
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(a) Fabricated tag antenna. 
 
 
 
 
 
 
 
 
 
(b) Structure of the tag antenna. 
Fig. 4.13 Structure of the fabricated tag antenna. 
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Fig. 4.14 Arm phantom. 
 
 
Table 4.6 Recipe of phantom. 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.7 Electrical constant of phantom (@920 MHz). 
 
 
 
 
 
 
 
Material Amount 
Glycerin 1000 g 
Deionized water 700 g 
Polyethylene powder 90 g 
Ager 80 g 
 Target Measured value 
Relative permittivity 37.3 35.1 
Conductivity [S/m] 0.65 0.71 
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Fig. 4.15 Fabricated reader antenna. 
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Fig. 4.16 Measured reflection coefficient of tag antenna. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.17 Measured reflection coefficient of reader antenna. 
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4.3.2 Measured transmission coefficient  
Transmission coefficients between the tag and the reader were measured. The 
experimental environment is shown in Fig. 4.18. The tag antenna with the tape was 
amounted on the arm phantom. The RFID tag was removed the IC chip and connected to 
network analyzer by coaxial cable. In addition, the reader antenna was connected to a 
network analyzer and the transmission coefficient between the fabricated tag and the 
fabricated reader is measured. 
Table 4.8 and 4.9 show the measured transmission coefficients between the tag and 
the reader. The transmission coefficients were measured by the network analyzer, whose 
impedance is 50 Ω, so that it does not match the impedance of the proposed tag antenna. 
Therefore, measured transmission coefficients were converted to transmission 
coefficients between the proposed tag and the proposed reader. The measured 
transmission coefficients were corrected by following the formula due to the difference 
between 50 Ω and the impedance of the IC chip. 
 
S21 [dB] = S21’ [dB] + M50_IC [dB] – Mtag_IC [dB]                    (4.1) 
 
where S21 is the transmission coefficient between the proposed tag and the proposed 
reader, S21’ is the measured transmission coefficient, M50_IC is the mismatch loss between 
the coaxial cable and the IC chip and Mtag_IC is the mismatch loss between the tag antenna 
and the IC chip. 
From Table 4.8 and 4.9 the difference between the calculated and measured results 
is small. Therefore, the validity of calculations can be shown. 
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Fig. 4.18 Experimental environment of transmission coefficient. 
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Table 4.8 Transmission coefficient in the case of RFID tag with arm. 
Distance [mm] Cal. [dB] Meas. [dB] Diff. [dB] 
50 -28.6 -31.2 2.6 
100 -35.0 -36.7 1.7 
150 -38.3 -40.2 1.9 
200 -40.7 -42.4 1.7 
 
 
 
Table 4.9 Transmission coefficient in the case that IC chip comes off tag antenna. 
Distance [mm] Cal. [dB] Meas. [dB] Diff. [dB] 
50 -51.5 -56.1 4.6 
100 -56.3 -61.3 5.0 
150 -59.2 -64.4 5.2 
200 -61.4 -66.8 5.4 
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4.4 Conclusion 
In this chapter the possibility of a monitoring system for removing IV needles using 
RFID was studied. For fundamental study a tag antenna and a reader antenna were 
designed by numerical calculations. In addition, the transmission characteristics between 
the proposed tag antenna and the proposed reader antenna were shown. Moreover, the 
communication distance between the RFID tag and the reader were measured. From these 
results, this paper shows that our proposed system may detect removing IV needles by 
whether the proposed tag can communicate with the proposed reader or not. 
 However, there are some problems in this system. One of the big problems is that 
the communication distance between the tag and the reader is short. If the patient move 
their arm widely, the tag cannot communicate with the reader. In addition, if the direction 
of the arm is changed, this system cannot communicate between the tag and the reader 
because of changing polarized wave. Then, these problem will be solved in Chapter 5. 
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Chapter 5  
Monitoring system for removing IV needle 
5.1 Introduction 
In Chapter 4, a basic study of monitoring system for removing IV needles by RFID 
is suggested. As the results, we showed the possibility of monitoring system, but there 
are some matters to improve. Therefore, this chapter shows the advanced monitoring 
system for removing IV needle by improved antennas [1].  
The diagrammatic illustration of our proposed system is shown in Fig. 5.1. In this 
system, the reader antenna is set at the bottom of the mattress pad. In addition, the 
structure of the tag antenna is improved compared with that of the tag antenna in Chapter 
4. The principle of the detection in this chapter is the same as that in Chapter 4. Removing 
IV needles are detected by whether the RFID tag can communicate with the reader or not. 
For this system antennas are redesigned. By changing the structure of the tag 
antenna and adding a reflector, this system reduces effects of the arm [2], [3]. In addition, 
in order to prevent the effect by the direction of the arm, the reader antenna becomes a 
circular polarized antenna. The characteristics of the proposed antennas are calculated. 
Moreover, the communication area between the fabricated tag and the fabricated reader 
is measured by use of an examinee. 
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Fig. 5.1 Proposed monitoring system for removing IV needle. 
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5.2 Calculation 
5.2.1 Design of tag 
Figure 5.2 shows the structure of the proposed RFID tag. Our proposed RFID tag 
is consisted of an IC chip, a tag antenna, felts, a reflector and tapes. The tag antenna is a 
folded-dipole antenna [4], [5]. The operating frequency of this antenna is 920 MHz. In 
addition, by use of the reflector effects of the arm are blocked and the communication 
area is expanded. In addition, if the patients remove their IV needles, the IC chip is 
separated from the tag antenna and the communication between the tag and the reader is 
stopped. 
The analytical model of the tag antenna is shown in Fig. 5.3. Our proposed RFID 
tag is worn on the arm model. The electrical constants of this model are shown in Table 
5.1. In addition, the parameters for this calculation is shown in Table 5.2. 
Figure 5.4 shows the reflection coefficient of the proposed tag antenna. The 
reflection coefficient is calculated from formula (2.1). From the result, the impedance of 
the tag antenna is matches that of the IC chip at 920 MHz. Therefore, our proposed tag 
antenna may be used in our proposed system.  
Figure 5.5 shows the receiving sensitivity distributions of the tag antenna. X and y 
components of this antenna has stronger in x - y plane. 
The radiation efficiency of this antenna is 6.6 %. Compared with Chapter 4, the 
radiation efficiency of the tag antenna is increased by 5.7 %. As the result, it is said that 
the effects of the arm are blocked by the reflector. In addition, the expansion of the 
communication area is expected. 
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Fig. 5.2 Structure of tag model. 
 
 
 
 
 
 
 
 
Fig. 5.3 Analytical model of tag antenna. 
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Table 5.1 Electrical constant for tag antenna model. 
 Relative permittivity Conductivity [S/m] 
Arm (2/3 muscle) 37.3 0.65 
Tape 1.50 0 
Felt 1.36 0 
 
 
 
Table 5.2 Parameters for calculations. 
 
 
 
 
 
 
 
 
 
 
  
Analytical method FDTD 
Size of calculation space 280 × 280 × 700 mm3 
Minimum cell size 0.25 × 0.25 × 0.25 mm3 
Time step 4.8 × 10-13 s 
Absorbing boundary condition PML 8 layer 
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Fig. 5.4 Calculated reflection coefficient of tag antenna. 
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(a) x component.       (b) y component. 
 
 
 
 
 
 
 
 
(c) z component. 
Fig. 5.5 Receiving sensitivity distribution. 
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5.2.2 Design of reader antenna 
Figure 5.6 shows the proposed reader antenna model. The reader antenna is used a 
patch antenna in our proposed system. The operating frequency of this antenna is 920 
MHz. In addition, the reader antenna is a circular polarized antenna by cutting the two 
corners of the radiating element. The rate of the cutting area is 0.62 % of the radiation 
element.  
Figure 5.7 shows the analytical model of the reader antenna. The reader antenna 
model is under a mattress pad model. The electrical constant of the mattress pad model is 
εr = 1.5, σ = 0. In addition, the parameters for this calculation is shown in Table 5.3. 
Moreover, cases that the reader antenna is curved by a recliner bed are evaluated. 
Figure 5.8 shows the reflection coefficient of the reader antenna. The reader 
antenna is fed by a coaxial cable so that the target impedance of the reader antenna is   
50 Ω [6], [7]. This antenna is made of the conductive sheets and felts in order to be used 
under a recliner bed. Therefore, our proposed reader antenna may be bent by reclining. 
Thus, the cases that the reader is bent 45, 90 degrees in the center are calculated too. From 
the Fig. 5.8 the proposed reader antenna has a good impedance matching at 920 MHz. In 
addition, effects by that the reader antenna is bent is small. 
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Fig. 5.6 Reader antenna model. 
 
 
 
 
 
 
 
 
 
 
Fig. 5.7 Analytical model of reader antenna. 
 
 
 
- 101 - 
 
 
 
Table 5.3 Parameters for calculations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.8 Calculated reflection coefficient of reader antenna. 
 
 
 
Analytical method FDTD 
Size of calculation space 600 × 600 × 270 mm3 
Minimum cell size 0.25 × 0.25 × 0.25 mm3 
Time step 4.8 × 10-13 s 
Absorbing boundary condition PML 8 layer 
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5.2.3 Calculated transmission coefficient 
Here, the transmission coefficients between the IC chip and the reader are discussed. 
Figure 5.9 shows the calculation model for transmission coefficient. Figure 5.9 (a) shows 
that the arm model with the proposed RFID tag is put on the mattress pad model. The 
distance between the reader antenna and the tag antenna is 100 mm. In addition, the 
position of the RFID tag is center of the reader antenna. Figure 5.9 (b) shows the case that 
the IC chip is separated from the RFID tag because patients remove their IV needles. In 
this situation, the transmission coefficient is also calculated. The parameters for these 
calculations are shown in Table 5.4. 
Table 5.5 shows the transmission coefficients between the proposed tag and the 
proposed reader. In this Table the model of Fig. 5.9 (a) is defined “With arm” and the 
model of Fig. 5.9 (b) is defined “Only IC chip”. From Table 5.5 the difference of the 
transmission coefficient depending on the direction of the arm is small. Therefore, our 
proposed system can be used even if the direction of the arm is changed. In addition, if 
the IC chip is separated from the RFID tag because of removing the IV needle, the 
transmission coefficient is reduced by about 20 dB. Moreover, if there is the arm or the 
human body of patient near the IC chip, the electromagnetic wave is absorbed by them 
[8], [9]. Thus, the value of the transmission coefficient is reduced further.  
Here, the required transmission coefficient for communication is discussed. Figure 
5.10 shows the required transmission coefficient between the IC chip and the proposed 
reader. In general, the required power to excite the IC chip is -20 dBm. The radiation 
power of the reader antenna is 24 dBm which is equal to the maximum power of a third-
generation mobile phone. Therefore, the required transmission coefficient for 
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communication is about -44 dB. Compared with this required value, the calculated 
transmission coefficient is higher than 10 dB in the case of “With arm”. Therefore, even 
if the position of the arm model is changed, the tag may communicate with the reader. On 
the other hand, in the case of “Only IC chip”, the calculated transmission coefficient is 
lower than required value for communication by 7 dB. Thus, even if the positon of the IC 
chip is changed, the IC chip may not communicate with the reader. From these results, 
our proposed system may detect the removing IV needles by use of the difference between 
the values of transmission coefficients. 
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(a)  RFID tag with arm (With arm). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b)  IC chip which was separated from tag antenna (Only IC chip). 
Fig. 5.9 Calculation model for transmission coefficient. 
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Table 5.4 Parameters for calculations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Analytical method FDTD 
Size of calculation space 510 × 450 × 510 mm3 
Minimum cell size 0.25 × 0.25 × 0.25 mm3 
Time step 4.8 × 10-13 s 
Absorbing boundary condition PML 8 layer 
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Table 5.5 Transmission coefficient between tag and reader. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.10 Required transmission coefficient between IC chip and reader. 
 
  
- 107 - 
 
5.3 Measurement 
5.3.1 Fabricated antennas 
Transmission coefficient and communication area between the tag and the reader 
were evaluated by measurements. In these measurements the operation frequency of the 
proposed system is 920 MHz. 
Figure 5.11 shows a fabricated RFID tag. The RFID tag has a structure that the IC 
chip is separated from the tag antenna by removing the tape. 
Figure 5.12 shows the fabricated reader antenna. The structure of the fabricated 
reader antenna is shown in Fig 5.13. The reader antenna was made of conductive sheets 
and felts. The thickness of the felt is 3 mm. The surface impedance of the conductive 
sheet is less than 0.05 Ω/sq. The SMA connector was used to supply of power to the 
antenna. In addition, the connector and the conductive sheet of the radiation plane was 
bonded by solder. Then, this antenna was set at the bottom of the mattress pad and the 
characteristics of the antenna were measured.  
Figure 5.14 is shown the measured reflection coefficients of the proposed tag 
antenna. The reflection coefficients were calculated from formula (2.1). From the results, 
the impedance of the tag antenna is matches that of the IC chip at 920 MHz. However the 
measured reflection coefficient is different from the calculated one. The reason is that the 
felt is so soft that the distance between the tag antenna and reflector is changed.  
The measured reflection coefficients of the proposed reader antenna is shown in 
Fig. 5.15. From this figure the fabricated reader antenna has a good impedance matching 
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at 920 MHz. In addition, the measured result has a good agreement with the calculated 
one. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.11 Structure of the fabricated tag antenna. 
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Fig. 5.12 Fabricated reader antenna. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.13 Structure of reader antenna. 
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Fig. 5.14 Measured reflection coefficient of tag antenna. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.15 Measured reflection coefficient of reader antenna. 
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5.3.2 Measured transmission coefficient 
Figure 5.16 shows the experimental environment of transmission coefficient. The 
arm phantom with the tag antenna is put on the mattress pad and the reader antenna is set 
at the bottom of the mattress pad. The thickness of the mattress pad is 100 mm. These 
measured environments are similar to the calculated situations. 
The tag antenna was removed from the IC chip and connected to a network analyzer 
by a coaxial cable. In addition, the reader antenna was connected to the network analyzer 
and measured the transmission coefficient between the fabricated tag and the fabricated 
reader. 
The measured transmission coefficients between the tag and the reader is shown in 
Table 5.6. This measured value was converted by the formula (4.1). From Table 5.6 the 
difference between the calculated and the measured results is small. Therefore, the 
measured environment is similar to the calculated environment.  
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Fig. 5.16 Experimental environment of transmission coefficient. 
 
 
 
Table 5.6 Measured transmission coefficient. 
 
 
  
- 113 - 
 
5.3.3 Measured Communication area 
The communication area between the proposed RFID tag and the reader was 
measured. The radiated power of the proposed reader antenna was 250 mW which is equal 
to the maximum power of a third-generation mobile phone. Now, mobile phones are 
allowed to be used in a hospital room. Thus, our proposed system is used safety. 
At first, the communication area between the proposed RFID tag amounted on the 
arm phantom and the proposed reader set at the bottom of the mattress pad was measured. 
The phantom moved from right to left or up and down at 50 mm interval. In addition, 
whether the tag can communicate with the reader or not was measured in each position. 
Moreover, the communication area was measured by use of an examinee. Figure 
5.17 shows the experimental environment. The examinee with the fabricated RFID tag 
lies down on the mattress pad. In addition, the fabricated reader antenna is set at the 
bottom of the mattress pad. Then, the communication area between the proposed RFID 
tag and the proposed reader were measured. 
Figure 5.18 shows the communication area between the RFID tag with the phantom 
and the reader. From Fig. 5.18 the fabricated tag can communicate with the fabricated 
reader within the range of 200 × 250 mm2. The patients cannot move widely because of 
the tube for the IV drip. Therefore, it is enough area for a monitoring of removing IV 
needles. 
Figure 5.19 shows the communication area between the RFID tag with the arm and 
the reader. From Fig. 5.19 the fabricated tag can communicate with the fabricated reader 
within the range of 350 × 350 mm2. The communication area using the examinee is larger 
than the communication area using the phantom. The reason is that the arm of the 
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examinee is fatter than the phantom. In addition, the shape of the arm is ellipse so that the 
faced area of the RFID tag and the reader antenna is spread. 
On the other hand, if the IC chip is come off the RFID tag by removing the IV 
needle, the IC chip cannot communicate with the reader. Therefore, our proposed system 
can detect removing IV needles by whether the proposed tag can communicate with the 
proposed reader or not. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.17 Experimental environment of communication area. 
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Fig. 5.18 Communication area in case of using phantom. 
 
 
 
 
 
 
 
 
 
 
Fig. 5.19 Communication area in case of using examinee. 
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5.4 Conclusion 
This chapter presented a monitoring system for removing IV needles by patients 
using RFID technology.  
For our proposed system a tag antenna and a reader antenna were redesigned by 
calculations. By changing the structure of the tag antenna and adding a reflector, this 
system reduces the effect of the arm. In addition, in order to prevent the effect by the 
direction of the arm, the reader antenna becomes a circular polarized antenna.  
The transmission characteristics between the proposed tag antenna and the 
proposed reader antenna in a real situation were shown. Moreover, the communication 
area between the RFID tag and the reader were measured. As these results, this chapter 
shows that our proposed system can detect removing IV needles by whether the proposed 
tag can communicate with the proposed reader or not. 
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Chapter 6 
Conclusion 
 
This dissertation presented wireless patient monitoring systems by RFID 
technology. Now, some monitoring systems are needed and required, but this dissertation 
dealt with monitoring systems for diapers and removing IV needles of patients. 
In Chapter 1, the back ground of this study and the RFID system were explained. 
Then, it was shown that the UHF passive RFID is a good candidate for medical 
monitoring. In addition, the purpose of this study was said. 
In Chapter 2, a simple urination detection system was suggested. This system can 
detect whether the paper diaper of the patient is dry or wet by bringing a handy reader 
close to our proposed RFID tag embedded into the each diaper. For this system, a tag 
antenna was designed and the characteristics of this antenna were analyzed using human 
models of the various positions. In addition, our presented system was evaluated by 
measurements. An examinee with diaper lay down on the bed and checked whether the 
tag embedded into the diaper can communicate with a handy reader or not. As the results, 
this system could detect urination regardless of the human position. 
In Chapter 3, a real time urination detection system was explained. By setting the 
reader at the bottom of the mattress pad, this system can judge whether diapers should 
been changed or not. For this system, a tag antenna and a reader antenna were designed 
and the characteristics of these antennas were analyzed. In addition, the communication 
area between the proposed tag and the proposed reader was measured using an examinee. 
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As the results, it was shown that our proposed system can judge whether diapers should 
be changed or not by whether the proposed tag can communicate with the proposed reader 
or not. 
In Chapter 4, the possibility of removing IV needle detection by RFID was 
evaluated. Some patients remove their IV needles by themselves. By use of this system, 
the doctors and nurses can know removing IV needles of patients, stop the bleeding and 
restart the IV soon. For this system, a tag antenna and a reader antenna were designed and 
the characteristics of these antennas were calculated. In addition, the communication 
distance between the proposed tag and the proposed reader were measured. As the results, 
if the tag is amounted on the arm phantom, the tag can communicate with the reader 
within 150 mm. On the other hand, in case that the IC chip is separated from tag antenna, 
the tag never communicate. Therefore, the possibility of our proposed system was shown 
by this fundamental measurements. 
In Chapter 5, a monitoring system for removing IV needles was evaluated. For this 
system, antennas were improved compared with Chapter 4. The tag antenna was added to 
a reflector so that the affection from the arm was reduced. In addition, the reader antenna 
was used a circular polarized antenna. Then, the communication area between the tag and 
the reader was measured by an examinee. As these results, the communication area was 
expanded and the effect of the polarization characteristics was reduced. Thus, the 
usefulness of our proposed system was shown. 
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